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Fluctuation mediated phase separation in polymer blends
near the limit of metastability
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The evolution of the structure factor of off-critical polyolefin~polymethylbutylene/
polyethylbutylene! blends quenched from the homogeneous state to states near the limit of
metastability was studied by small angle neutron scattering. The Cahn–Hilliard–Cook theory was
used to organize the data in terms of three time-independent parameters that depend on the
scattering vector,q: S0(q), the initial structure factor,St(q), the terminal structure factor, andR(q),
a kinetic parameter that indicates the time scale for the transformation fromS0(q) to St(q). These
three parameters change systematically with quench depth. Changes in the structure factorS(q,t)
are only observed in theq values smaller than a critical scattering vector,qc . At small quench
depths,qc is obtained becauseR(q)→0 asq→qc . At deeper quenches,qc is obtained because
St(q)→S0(q) as q→qc . Scattering characteristics atq,qc such as scattering peaks or the lack
thereof arise due to the interplay betweenR(q) andSt(q). © 2002 American Institute of Physics.
@DOI: 10.1063/1.1511513#
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I. INTRODUCTION

This paper builds on the preceding paper,1 where the
early stages of phase separation in high molecular we
polymer blends were studied by time-resolved small an
neutron scattering~SANS!. Our objective was to study th
formation of critical nuclei during the transformation of
metastable homogeneous mixture to a stable two-phase
ture. We thus studied blends that were located between
binodal and spinodal curves calculated on the basis of
Flory–Huggins theory. We found that scattering profiles o
tained during the early stages of phase separation merg
a critical scattering vector,qc . We argued that the critica
~smallest! length scale of the growing structures wasRc

;1/qc . The purpose of this paper is to focus on changes
the scattering profiles atq,qc and thereby study the cha
acteristics of structures larger thanRc . The experimentally
determined dependence ofRc on quench depth differed sub
stantially from predictions based on classical theories.2 An
explanation of these differences was recently offered by
theoretical work of Wang and Wood3,4 who predict that the
regime over which thermodynamics is affected by concen
tion fluctuations~also known as the Ginzburg regime! is
much wider than previously envisaged. They concluded
the data obtained in Ref. 1 was located within the Ginzb
regime. Phase separation in systems near the critical p
where fluctuations play a dominant role, is often describ
by the Cahn–Hilliard–Cook~CHC! theory.5–7 Since it has
been established by both experiments1,8–10and theory3,4 that
9070021-9606/2002/117(19)/9074/10/$19.00
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fluctuations play a dominant role in the series of blends t
we have studied, we decided to use the CHC theory to fit
time dependence of the scattering profiles observed aq
,qc . We find that the CHC theory provides an excelle
starting point for organizing the data. It also provides insig
into the origin of the critical scattering vector,qc .

II. EXPERIMENT

We discuss experiments conducted on a bin
polymethylbutylene/polyethylbutylene~PMB/PEB! blend,
designated B3. All of the experimental details are given
Ref. 1. The data from B1 and B2~the other blends studied in
Ref. 1! were also analyzed using methods described h
and these results agree with our conclusions. For brevity,
only discuss data obtained from B3.

III. THEORETICAL FRAMEWORK FOR DATA
ANALYSIS

The SANS intensity from a polymer blend at a givenT
andP is11

I ~q,t !5S b1

v1
2

b2

v2
D 2

3S~q,t !, ~1!

wherebi is the neutron scattering length of the monomer
polymer chaini with a monomer volumev i , andS(q,t) is
the structure factor of the blend.
4 © 2002 American Institute of Physics
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If the blend is at equilibrium, the structure facto
SRPA(q), in the mean field limit is time-independent, an
given by the random phase approximation~RPA!,12–14

SRPA~q!5S 1

N1v1f1P1~q!
1

1

N2v2f2P2~q!
2

2x

v0
D 21

,

~2!

whereNi is the number of monomer units with a volumev i

in polymer chaini, f i is the volume fraction of polymeri, Pi

is the Debye function of polymer chaini, x is the Flory–
Huggins interaction parameter, andv0 is a reference volume
which for this work is equal to 100 Å3. The Debye function
is given by

Pi~q!5
2

x2 ~e2x1x21!, ~3!

wherex5q2Rgi
2, Rgi

25Nil i ,ref
2 /6, and l i ,ref is the statistical

segment length of polymeri ~see Ref. 1 for values of the
parameters!.

In the Cahn–Hilliard–Cook~CHC! theory,5–7 the evolu-
tion of the structure factor,S(q,t), after the sample is
quenched from an initial equilibrium state att50 with a
structure factorS0(q), is given by

S~q,t !5St~q!1@S0~q!2St~q!#exp@2R~q!t#, ~4!

whereSt(q) is the terminal structure factor obtained in th
t→` limit, and R(q) is a kinetic parameter that is related
the growth@if R(q) is positive# or decay@if R(q) is nega-
tive# of S0(q). For convenience, we define

DS~q!5S0~q!2St~q!. ~5!

The time-dependence ofS(q,t) in Eq. ~4! is thus governed
by threeq-dependent parameters,R(q).

It has been shown that the CHC theory@Eq. ~4!# is ap-
plicable to quenches from one single-phase equilibrium s
to another.15,16 In this case,St(q) is positive at all values of
q because the terminal state is at equilibrium, andR(q) is
negative at allq. Equation~4! thus describes a smooth tra
sition from S0(q)5SRPA(q) of the initial state toSt(q)
5SRPA(q) of the quenched state. When blends are quenc
from the single-phase state into the unstable region,17–24Eq.
~4! applies to the early stages of spinodal decomposition
this regime,R(q) is positive over a range ofq values indi-
cating exponential growth of concentration fluctuations w
certain characteristic lengths. The growth rate is maxim
at a finite scattering vector,qp , giving rise to the familiar
peak in the scattering intensity profile during spinodal d
composition.St(q) for unstable blends is negative in th
range q,qc , positive at q.qc , and contains a pole a
q5qc . St(q) is often called the virtual structure factor du
to the presence of negative values and a singularity.17 For
sufficiently deep quenches,S0(q)@St(q) in the vicinity of
qp and Eq. ~4! reduces to the well-known Cahn–Hilliar
equation,8,12,17,25–28

S~q,t !5S0~q!exp@2RCH~q!t#. ~6!
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IV. RESULTS AND DISCUSSION

A series of phase separation experiments were p
formed using the blend, B3, at 58 °C and various pressu
between 0.86 and 3.10 kbar, within the metastable regio
the mean-field phase diagram. For simplicity we will refer
each quench by the quench pressure only, since the qu
temperature was always 58 °C. The time evolution of
SANS intensity profiles for the different quenches is sho
in Figs. 1~a!–1~d!. A variety of behaviors are seen as a fun
tion of quench depth. A deep quench@Fig. 1~a!# to 3.10 kbar
leads to a well-defined scattering peak. The location of
peak inq-space is independent of time for the duration of t
experiment~294 min!. Shallower quenches to 2.00 kbar@Fig.
1~b!# lead to the development of scattering peaks that m
to lower q values with increasing time. The quench to 1.
kbar @Fig. 1~c!# leads to scattering profiles without peak
The shallowest quench to 0.86 kbar@Fig. 1~d!# results in no
change in the scattering intensity for the duration of the
periment~911 min!. In the remainder of the paper we focu
on the data obtained at larger quench depths@Figs. 1~a!–
1~c!#.

For all of the data, the structure factorS(q,t) is calcu-
lated fromI (q,t) using Eq.~1! andbi andv i values given in
Ref. 1. In Fig. 2 we show the time dependence ofS(q,t) at
q50.021 nm21 for the shallow quench to 1.24 kbar. In th
experiment, we see the three stages of phase separatio
scribed in Ref. 1: a fluctuation relaxation stage whereS(q,t)
increases rapidly with time att,tF , an early stage where
S(q,t) increases slowly with time fortF<t<tE , and a late
stage whereS(q,t) increases rapidly again att.tE . Identi-
fication of the end of both the fluctuation relaxation (tF) and
early (tE) stages was discussed in detail in Ref. 1, and
shown by the arrows in Fig. 2. For the deeper quenchesP
.1.24 kbar) we observed only the early and late stages.

For the 1.24 kbar quench, we definetF as the beginning
of the early stage. It is evident from Fig. 2 that the crosso
between the early and late stage is gradual. Thus, it is d
cult to determine the exact end of the early stage of ph
separation. For this work, we define the end of the ea
stage,tE8 , as the last time at which the CHC theory can
applied to the data. In Fig. 2 we show the result of the fit
the CHC theory@Eq. ~4!# to S(q,t) betweentF (47 min)
<t<664 min for the 1.24 kbar quench. In this time perio
the CHC theory describes the change inS(q,t) well. At later
times, however, we find significant deviations between
measuredS(q,t) and the CHC theory. Thus, for this quenc
tE85664 min.

For the deeper quenches (P.1.24 kbar), we see the de
velopment of a scattering peak atqp , indicating the forma-
tion of a periodic structure with a characteristic length sc
of 1/qp @Figs. 1~a! and 1~b!#. The location of the scattering
peak is determined by fitting a Gaussian curve to the
points closest to the estimated scattering peak,

I 5I p expS 22~q2qp!2

s2 D , ~7!

where I p and s are measures of peak intensity and wid
respectively. The time dependence of the peak positionqp
 license or copyright, see http://jcp.aip.org/jcp/copyright.jsp
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FIG. 1. The time dependence of the absolute scattering intensity,I (q) vs the scattering vector,q for the B3 blend during phase separation at 58 °C and~a! 3.10
kbar, ~b! 2.00 kbar,~c! 1.24 kbar, and~d! 0.86 kbar. From small to large intensity the SANS profiles are for times~a! 3 min, 77 min, 141 min, 189 min, 231
min, 252 min, 273 min, and 294 min,~b! 3 min, 153 min, 211 min, 253 min, 295 min, 337 min, and 379 min, and~c! 3 min, 475 min, 569 min, 694 min, 788
min, and 945 min. Insets: Log–log plots ofI (q) vs q. From small to large intensity the SANS profiles are for times~a! 5 min, 64 min, and 141 min,~b! 6 min,
58 min, and 130 min,~c! 3 min, 54 min, 412 min, 538 min, and 663 min. The arrows indicate the location ofqc , the critical scattering vector, as determine
in Ref. 1.
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thus obtained for the three deepest quenches is shown in
3~a!.29 At shallower quenches~2.00 kbar and 1.66 kbar! we
see a clear trend toward decreasingqp at long times. A de-
crease inqp indicates coarsening of the early stage structu
or the end of the early stage where the CHC theory is
pected to apply.tE8 values for the deep quenches are th
assumed to be the time at whichqp begins to decrease wit
time, and are indicated by the arrows in Fig. 3~a!. It is evi-
dent in Fig. 3~a! that all of the data from the deepest quen
~3.10 kbar! lie within the early stage.

The dependence ofqp
2, obtained during the early stage

on quench depth is shown in Fig. 3~b!. For consistency we
use the largest value ofqp measured during the early stage
this plot. As in Ref. 1, we usex/xs to quantify quench depth
wherex is the Flory–Huggins interaction parameter at theT
andP values at which the phase separation experiments w
carried out, andxs is the value ofx at the spinodal~through-
out this paper, spinodal implies the mean-field spinodal!. The
Downloaded 16 Nov 2005 to 129.6.122.161. Redistribution subject to AIP
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FIG. 2. The structure factor,S(q,t), vs time atq50.021 nm21 for the 1.24
kbar quench. The solid curve is the best least-squares fit of the CHC th
@Eq. ~4!# of the data for 47<t<664 min. The arrows indicatetF , the end of
the fluctuation relaxation stage,tE , the end of the early stage in Ref. 1, an
tE8 , the end of the early stage in this work.
 license or copyright, see http://jcp.aip.org/jcp/copyright.jsp



in

s
tio

d

rly

the
is

r.
se,

eta-

e-

the

19
les

ese

c-

ch.

5

the

de
u’’
tion
n is

k

a
gi

CHC
of

9077J. Chem. Phys., Vol. 117, No. 19, 15 November 2002 Phase separation near the limit of metastability
relationship between the quench pressure andx/xs is given
in Table V of Ref. 1. Also shown in Fig. 3~b! is the depen-
dence ofqc

2, the critical scattering vector,1 on x/xs . The
dependence of bothqp

2 andqc
2 on x/xs can be approximated

by straight lines: qp
2520.0050310.00673x/xs and qc

2

520.014510.0212x/xs . Note,qp→0 atx/xs50.75 while
qc→0 at x/xs50.68. It is clear that scattering peaks
S(q,t) are observed well outside the spinodal (x/xs,1). In
the range 0.68,x/xs,0.75 we expect scattering curve
without peaks but with a critical scattering vector. The ra
qc /qp is about 2, regardless of quench depth.

We now analyze the fullq-dependence of the measure
time-dependent structure factor.

A. Shallow quench depth „1.24 kbar …

The data obtained from this quench fall into two clea
different regimes: the fluctuation relaxation stage (0,t

FIG. 3. ~a! The q value with the largest intensity,qp , vs time for the three
deepest quenches performed on the B3 blend. The arrows indicatetE8 , the
end of the early stage of phase separation for the 2.00 kbar and 1.66
quenches.~b! A plot of qp

2 andqc
2 vs quench depth, whereqp , is the largest

measured value ofqp for each quench,qc is the critical scattering vector,x
is the Flory–Huggins interaction parameter at the quenchT andP, andxs is
the Flory–Huggins interaction parameter at the spinodal. The solid lines
the best least-squares linear fit through the data and their equations are
in the text.
Downloaded 16 Nov 2005 to 129.6.122.161. Redistribution subject to AIP
,tF) and the early stage of phase separation (tF,t,tE8 ).
The CHC theory has been used successfully to describe
decay in the concentration fluctuations when a sample
quenched from one stable homogeneous state to anothe15,16

Since the fluctuation relaxation stage is a similar respon
except for the fact that the system is quenched to a m
stable state, it appears reasonable to apply Eq.~4! to the
fluctuation relaxation stage. In Fig. 4, we show the time d
pendence ofS(q,t) at selectedq for the 1.24 kbar quench on
B3 for t<119 min. The solid curves through the data are
least-squares fits of the CHC equation@Eq. ~4!# with R(q),
S0(q), and St(q) as adjustable parameters. We chose 1
min as the upper time limit because the scattering profi
obtained between 47 min (tF) and 119 min were not signifi-
cantly different. Also choosing a smaller upper limit~e.g., 80
min! does not have a significant effect on the results. Th
fits enable the determination ofR(q), S0(q), andSt(q). Our
results are limited toq,0.031 nm21, due to the lack of
change ofS(q,t) in the q.0.031 nm21 window. R(q) ob-
tained from the CHC analysis is shown in Fig. 5~a!. As ex-
pected,R(q) is negative over the entireq window. In Fig.
5~b! we show theq dependence ofS0 by filled symbols. The
open symbols in Fig. 5~b! represent the first measured stru
ture factor @S(q,t53 min)#. It is evident thatS0(q) is in
good agreement with the measuredS(q,t) at early times.
Also shown in Fig. 5~b! is SRPA(q) at 58 °C and 0.03 kbar
~solid curve!, the state of the sample just prior to the quen
The agreement betweenSRPA(q) andS0(q) is significant be-
cause there are thus no adjustable parameters. In Fig.~c!,
we plot St(q) obtained from the CHC fits,S(q,t
5119 min), the structure factor at the last time used in
fits, andSRPA(q) at 58 °C and 1.24 kbar~solid curve!. Evi-
dently the terminal structure factor is larger in magnitu
than SRPA(q). This indicates that the metastable ‘‘platea
reached by the system as it crosses over from the fluctua
relaxation stage to the early stage of phase separatio

bar

re
ven

FIG. 4. The structure factor,S(q,t), vs time fort<119 min at selectedq for
the 1.24 kbar quench. The solid curves are the least-squares fits of the
theory @Eq. ~4!# through the data. These fits enable the determination
S0(q), St(q), andR(q).
 license or copyright, see http://jcp.aip.org/jcp/copyright.jsp
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characterized by larger concentration fluctuations than wo
be obtained if the state were stable. This increase is qua
fied by the difference between the data and the curve
Fig. 5~c!.

In Fig. 6 we show the time dependence ofS(q,t) during
the early stage of phase separation,tF<t<tE8 and the least-

FIG. 5. The resulting fit parameters~a! R(q), ~b! S0(q), and~c! St(q), vs
q from the CHC fits of the data shown in Fig. 4. The solid curve in~b! and
~c! is SRPA(q) for the B3 blend at 58 °C and~b! 0.03 kbar and~c! 1.24 kbar.
The error bars show the average error in the parameters.
Downloaded 16 Nov 2005 to 129.6.122.161. Redistribution subject to AIP
ld
ti-
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squares fits of Eq.~4! ~solid curves!. Of course, the CHC
analysis can only be done in the regime whereS(q,t) in-
creases with time and is thus limited to theq,qc range. The
actualq-range over which the analysis was carried out d
fered slightly fromqc because the crossover from a tim
dependentS(q,t) to a time-independentS(q,t) is not abrupt
~see error bars in Fig. 9 of Ref. 1!. Our analysis of the 1.24
kbar quench is thus limited toq,0.038 nm21. In Fig. 7~a!,
we showR(q) obtained from the CHC analysis.30 Unlike the
results obtained from within the fluctuation relaxation sta
@Fig. 5~a!#, R(q) is positive and decreases continuous
across theq window. The decrease inR(q) with increasingq
is an indication that the concentration fluctuations w
smaller length scales grow more slowly. It is clear that t
dynamics observed here are not consistent with a simple
fusive process, which would lead to the opposite res
FunctionsS0(q) andSt(q) are shown in Fig. 7~b!. S0(q) and
St(q) have very similar magnitudes and decrease monot
cally with increasing quench depth. In Fig. 7~c! we show
DS(q)5S0(q)2St(q). It is evident here thatDS(q) is rela-
tively small and appears to be independent ofq in the acces-
sible q-window.

We determined thatqc50.05060.006 nm21 for the 1.24
kbar quench.1 In principle, the merging of the scatterin
curves atqc could be due toDS(qc)→0 and/orR(qc)→0.
Figures 7~a! and 7~c! enable resolution between these pos
bilities. The data in Fig. 7~a! show thatR(q) decreases rap
idly with increasingq. A simple linear extrapolation, indi-
cated by the line in Fig. 7~a!, indicates thatR(q)→0 at q
50.051 nm21.31 This is very close to the measured value
qc . In contrast, the data in Fig. 7~c! show thatDS(q) re-
mains finite in ourq-window. The location ofqc for the 1.24
kbar quench thus appears to be determined byR(q).

FIG. 6. The time dependence of the structure factor,S(q,t), for tF<t
<tE8 at selectedq from the 1.24 kbar quench. The solid curves are t
least-squares fit of the CHC theory@Eq. ~4!# through the data. The param
etersS0(q), St(q), andR(q) are determined from the fits.
 license or copyright, see http://jcp.aip.org/jcp/copyright.jsp
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B. Intermediate quench depths „2.00 kbar …

The data obtained at 2.00 kbar and 1.66 kbar are sim
@Figs. 1~b! and 1~c!#. For brevity, we thus discuss details
the 2.00 kbar quench only. Figure 8 shows the time dep
dence ofS(q,t) for the 2.00 kbar quench at selectedq val-

FIG. 7. Theq dependence of~a! R(q), ~b! S0(q), andSt(q) from the fit of
the CHC theory@Eq. ~4!# to the 1.24 kbar quench data during the early sta
~data shown in Fig. 6!. The dashed line in~a! is the best least-squares linea
fit of the data.~c! DS(q), calculated from the data in~b! vs q. The error bars
show the average error in the parameters.
Downloaded 16 Nov 2005 to 129.6.122.161. Redistribution subject to AIP
ar

n-

ues. It is evident that the increase inS(q,t) with time can be
described by the CHC theory. The curves in Fig. 8 are
least-squares CHC fits through the data. The range of ap
cability of the CHC analysis wasq,0.085 nm21. In Fig.
9~a! we showR(q). We find thatR(q) increases with in-
creasingq for q,0.035 nm21, and then appears to be con
stant at largerq. FunctionsS0(q), St(q), andSRPA(q) at 0.03
kbar and 58 °C are shown in Fig. 9~b!. We find thatS0(q)
decreases with increasingq and is similar toSRPA(q). It is
evident, however, thatS0(q) is significantly larger than
SRPA(q) over the entireq range. The reason for this differ
ence is made clear in Fig. 9~c!. The symbols in Fig. 9~c!
represent typical time-dependent structure factor data and
solid curve is the least-squares CHC fit. While the CH
theory adequately describes the overall change inS(q,t)
with time, a systematic deviation is found at early times@ t
,35 min in Fig. 9~c!#. In this regime, indicated by the filled
symbols in Fig. 9~c!, the measured value ofS(q,t) falls be-
low the CHC curve. It appears as though the structure fa
at time zero,S0(q), is larger than the measured scattering
t50. It is likely that this apparent discrepancy is due
fluctuation relaxation. It is unreasonable to expect the fl
tuation relaxation stage to appear suddenly at a quench p
sure of 1.24 kbar and be completely absent at higher p
sures~e.g., 1.66 and 2.00 kbar!. However, due to the large
quench depths at the higher pressures, we see a rapid on
phase separation. This prevents a clear resolution of the
tuation relaxation stage and the early stage of phase sep
tion. We thus propose that the data obtained at very e
times ~t<34 min! are effected by fluctuation relaxation to
metastable structure characterized by a structure facto
S0(q). As can be seen in Fig. 7~b!, S0(q) is larger than that
expected from a perfectly homogeneous mixture at 2.00 k
@SRPA(q)#. In this respect, the 2.00 and 1.24 kbar quenc
are similar.

As seen in Fig. 9~b!, St(q) at 2.00 kbar is positive ove
the entireq window. At q,0.05 nm21, St(q) appears to be

FIG. 8. The structure factor,S(q,t) vs time att<tE8 and selectedq for the
2.00 kbar quench on B3. The solid curves are the best least-squares fit
CHC theory@Eq. ~4!# through the data, enabling the determination ofS0(q),
St(q), andR(q).
 license or copyright, see http://jcp.aip.org/jcp/copyright.jsp
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FIG. 9. Theq dependence of~a! R(q), and~b! S0(q), andSt(q) from the best least-squares fit of Eq.~4! to the 2.00 kbar quench data during the early sta
~data shown in Fig. 8!. The solid curve in~b! is SRPA(q) at 58 °C and 0.03 kbar.~c! S(q,t) vs time att<tE8 andq50.030 nm21 for the 2.00 kbar quench. The
solid curve through the data is the least-squares fit of the CHC theory@Eq. ~4!#. ~d! DS(q), from the data shown in~b!, vs q. The error bars show the averag
error in the parameters.
s

e
s

e

e

h

ig.
ner

-

s
ep
an increasing function ofq ~the noise in the data prevent u
from being certain!. At q.0.05 nm21, however,St(q) ap-
proachesS0(q) and decreases with increasingq. In Fig. 9~d!,
we show theq dependence ofDS(q) for the 2.00 kbar
quench.DS(q) is a monotonic function ofq and approaches
a value close to zero atq'0.07 nm21. The value ofqc for
this quench is 0.07160.007 nm21. The fact thatR(q) re-
mains finite asq→qc @Fig. 9~a!# indicates that the existenc
of a critical scattering vector at intermediate quench depth
due to the fact thatDS→0.

The peak inS(q,t) is the most time-sensitive part of th
structure factor. We thus expectDS(q) and/or R(q) to be
large in the vicinity of qp . The simplest case would b
wherein we obtain a peak in eitherDS(q) and/orR(q). It is
clear from Figs. 9~a! and 9~d! that this is not the case; bot
DS(q) and R(q) are monotonic functions ofq. However,
R(q) is an increasing function ofq in the q,qp range@Fig.
9~a!# while DS(q) is a decreasing function ofq in the q
.qp range @Fig. 9~d!#. It is clear that the peak inS(q,t)
arises due to the combined effect ofR(q) andDS(q).
Downloaded 16 Nov 2005 to 129.6.122.161. Redistribution subject to AIP
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C. Deep quench „3.10 kbar …

The time dependence ofS(q,t) at selectedq values dur-
ing the early stage for the 3.10 kbar quench is shown in F
10. The scattering intensity increases with time in a man
that is consistent with the CHC theory@Eq. ~4!#. The curves
in Fig. 10 are least-squares fits of Eq.~4!. In Fig. 11~a!, we
show thatR(q) increases slightly from 5.531023 min21 to
5.831023 min21 with increasingq,0.045 nm21 and then
decreases with increasingq. In Fig. 11~b!, we show that
S0(q) is a positive and monotonic function ofq. The curve in
Fig. 11~b! is SRPA(q) at 58 °C and 0.03 kbar~the state of the
sample just prior to the quench!. We find reasonable agree
ment betweenS0(q) andSRPA(q) at this quench@similar to
the agreement noted in Fig. 5~b!#. This agreement indicate
the lack of importance of fluctuation relaxation in the de
quench regime.St(q) is a nonmonotonic function ofq, as
seen in Fig. 11~b!. It is positive at lowq, and decreases with
increasingq until it reaches a minimum of2531024 Å 3 at
q'0.05 nm21, before increasing to a value close toS0(q) at
 license or copyright, see http://jcp.aip.org/jcp/copyright.jsp
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large q. St(q) is negative over a substantial portion of o
q-window, from 0.04 nm21<q<0.07 nm21.

The q dependence ofDS(q) for the 3.10 kbar quench is
shown in Fig. 11~c!. It is evident thatDS(q) peaks atq
'0.05 nm21. This peak is almost at the same location as
peak inS(q,t); qp50.045 nm21. It is clear that the peak in
S(q,t) is due mainly to the peak inDS(q). However, the
shape and detailed location of the scattering peak is affe
by the q dependence of bothDS(q) @Fig. 11~c!# and R(q)
@Fig. 11~a!#. The low q side of the scattering peaks seen
the 3.10 kbar quench is mainly affected by theq dependence
of DS(q); R(q) is a weak function ofq in this regime. The
high q side of the scattering peaks seen in Fig. 1~a! are af-
fected by decreases in bothDS(q) andR(q).

In Ref. 1 we determined that for the 3.10 kbar quen
qc50.08860.006 nm21. As is seen in Fig. 11~c!, DS(q) de-
creases from its value at the peak by about two orders
magnitude asqc is approached and atq.qc appears to ap-
proach a value close to zero. This is the same trend obse
in the 2.00 kbar data@Fig. 9~d!#. In contrastR(q) decreases
by only about 20% betweenqp andqc . This implies that the
critical scattering vector at 3.10 kbar arises due to theq
dependence ofDS and notR.

D. Applicability of Cahn analysis

We have demonstrated above that the CHC theory
scribes the changes in the structure factor with time dur
the early stages of phase separation for all of the quenche
is expected, however, that the Cahn analysis@Eq. ~6!# should
be adequate at deeper quenches whereS0(q)@St(q). This is
demonstrated in Fig. 12, where we plot ln@S(q,t)# at q
50.025 nm21 versus time for the deep quench. The li
through the data represents the least-squares fit to the C
Hilliard analysis@Eq. ~6!#. Also shown in Fig. 12 is the time
dependence of ln@S(q,t)# at q50.025 nm21 obtained at the
shallow quench depth. It is clear that the Cahn analy
would fail completely in this regime. This was also true f

FIG. 10. The structure factor,S(q,t), vs time at selectedq for the 3.10 kbar
quench. The solid curves are the least-squares fits of the CHC equation@Eq.
~4!# through the data.
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the intermediate quench depth data. Because the CHC
vides a unifying framework for analyzing all of the data a
the Cahn analysis does not, we have focused on the re
obtained from the CHC analysis.

FIG. 11. Theq dependence of~a! R(q), and~b! St(q), andS0(q) from the
least-squares fit of the CHC theory@Eq. ~4!# to the 3.10 kbar quench dat
~data shown in Fig. 10!. ~b! The solid curve isSRPA(q) at 58 °C and 0.03
kbar. ~c! DS(q), calculated from the data in~b!, vs q. The error bars show
the average error in the parameters.
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V. CONCLUSION

The Cahn–Hilliard–Cook theory was used to analy
the evolution of off-critical, binary polyolefin blend
quenched into the metastable region of the mean-field ph
diagram. The dynamics are characterized by obtaining
time-dependent structure factorS(q,t) from SANS measure-
ments. The rich variety of time dependencies, seen in Fig
are recast in terms of threeq-dependent but time
independent parameters:S0(q), the initial structure factor,
St(q), the terminal structure factor, andR(q), the rate of
growth of the structure factor. At deep quenches,S0(q) is
identical to that predicted by the RPA at the quench con
tions. As quench depth decreases, we see the gradual ap
ance of a fluctuation relaxation stage prior to phase sep
tion. The distinction between the fluctuation relaxation sta
and the early stage of phase separation becomes clearer
decreasing quench depth. The structure factor at the en
the fluctuation relaxation stage is larger than that predic
by the RPA. Metastable states formed at shallow and in
mediate quench depths thus have fluctuations that are s
what larger in magnitude than those that would be obtaine
the sample were at equilibrium. It is evident, however, t
the RPA provides a reasonable starting point for the und
standing ofS0(q).

There are no theories that address functionsR(q), and
St(q). The effect of quench depth on these functions is su
marized in Fig. 13. We useqRg as the abscissa in Fig. 1
because this combination occurs naturally in many kno
static and dynamic structure factors.Rg , the radius of gyra-
tion of our polymers, is 1661 nm. It is well-known that
phase transition kinetics are affected by both thermodyna
driving forces and kinetic factors such as the viscosity of
medium. This leads to a maximum in phase separation
netic rates at intermediate quench depths. Evidence for s
a maximum is clearly seen in Fig. 13~a!. The magnitude ofR,
which is a measure of the rate of the phase separatio
largest at intermediate quench depth,x/xs50.92. The de-
pendence ofR on qRg shows the following systematic trend

FIG. 12. The time dependence of ln@S(q,t)# at q50.025 nm21 for the 1.24
kbar and 3.10 kbar quenches during the early stage. The solid line is
least-squares linear fit through the 3.10 kbar data.
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with quench depth:R is independent ofqRg during deep
quenches, increases withqRg at intermediate quench depth
and, decreases withqRg at shallow quench depths. Of pa
ticular interest is the fact thatR→0 as q→qc at shallow
quench depths. In contrast,St shows unremarkable, mono
tonic behavior at shallow quench depths and more interes
behavior at deep quench depths. This is shown in Fig. 13~b!.
At large qRg , St approaches a universal curve that is qua
tatively similar to that predicted by the RPA structure fact
The St curves deviate from this universal curve atqRg val-
ues that increase with increasing quench depth. The arr
in Fig. 13~b! indicate theqRg values where these deviation
become evident. For deep and intermediate quenches t
deviations are evident in the vicinity ofq'qc . The magni-
tude of the deviations increases with increasing quench d
leading to a minimum at the deepest quench depth in
vicinity of qRg51 and negative terminal structure facto
over a substantial portion of ourqRg-window.

We hope that our observation of trends inR(qRg),

est

FIG. 13. The dependence~a! R and~b! St on qRg for all of the quenches on
the B3 blend, whereRg is the radius of gyration of the polymers. The legen
gives the value ofx/xs for each quench. The correspondence between
quenchT and P and x/xs is given in Table V in Ref. 1.~b! The arrows
indicate where the intermediate and deep quenches deviate from the un
sal curve.
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S0(qRg), andSt(qRg) will guide the development of theo
ries that address the thermodynamics and kinetics of ph
separation of blends near the metastability limit.

While some aspects of the data presented here and
preceding paper1 are explained by the Wang–Wood theory,3,4

many fundamental questions regarding phase separatio
netics in polymer blends remain unanswered. For exampl
is not clear if we should consider our quenched blends
metastable or unstable. In the Wang–Wood theory, the s
odal is suppressed to 0 K. This conclusion, is howev
clouded by the fact that the Wang–Wood theory breaks do
well above the spinodal temperature at the metastab
limit. If the Wang–Wood conclusion regarding the spinod
is correct then it indicates that our experiments pertain to
evolution of structure in metastable blends. The applicabi
of the CHC analysis leaves little doubt that concentrat
fluctuations play an important role in the systems that
have studied. Our observations of a time independent s
tering peak, a negative terminal structure factor, and the
plicability of the Cahn analysis in the deep quench regim
suggest that we might have crossed the stability limit. Th
the very existence of a stability limit in off-critical polyme
blends remains unresolved.

The Wang–Wood theory does provide valuable guida
for constructing systems for studying the initial stag
of nucleation above the metastability limit and outside
Ginzburg regime. Such a system would enable a rigorous
of classical nucleation concepts such as divergence ofRc as
the spinodal is approached. We have been unable to obs
any signs of nucleation in any of the experiments that
have conducted above the metastability limit and outside
Ginzburg regime@e.g., 0.86 kbar quench in Fig. 1~d!#. This
indicates that the nucleation barriers cannot be overcome
reasonable amount of time in high molecular weight polym
blends in this regime. In the future we plan to use the Wan
Wood theory to design systems with lower nucleation ba
ers and thereby study the formation of critical nuclei in me
stable blends where fluctuations are unimportant.
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